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U
nder pro-atherosclerotic conditions, endothelial cells
lose the ability to produce bioactive nitric oxide and
demonstrate increased expression of vasoconstrictor,

pro-inflammatory, and pro-thrombotic factors. The available
evidence suggests that these alterations in endothelial
phenotype contribute to the formation, progression, and
rupture of atherosclerotic lesions. There currently is great
interest in understanding the mechanisms and clinical
relevance of these changes in endothelial cell biology,
because they could lead to new approaches for the manage-
ment of patients with atherosclerosis. While it is clear that
the endothelium regulates many aspects of vascular homeo-
stasis, current approaches to evaluate local ‘‘endothelial
function’’ in humans have been limited to assessment of
endothelium dependent vasodilation. In addition, investiga-
tors have the ability to measure blood concentrations of
various endothelium derived thrombotic and inflammatory
factors and, most recently, numbers of endothelial progenitor
cells.

ENDOTHELIAL DYSFUNCTION IN CORONARY
ARTERIES
The clinical relevance of endothelial dysfunction for cardio-
vascular disease events is strongly supported by studies in the
human coronary circulation showing that impaired endothe-
lium dependent vasodilation in response to acetylcholine or
shear stress predicts clinical outcome. For example, more
severe impairment of the vasomotor response to intracor-
onary acetylcholine infusion identifies individuals with
increased risk for acute coronary syndromes, cardiovascular
death, and stroke.1–4 Impaired flow mediated dilation2 and a
more severe constrictor response to the cold pressor test2 5

also predict future cardiovascular events. These findings
apply to patients with advanced coronary artery disease2 3

and to individuals with angiographically normal or nearly
normal coronary arteries.1 3 5

ENDOTHELIAL DYSFUNCTION IN PERIPHERAL
ARTERIES
Although studies in the coronary circulation have the greatest
clinical relevance, it is interesting that measures of endothe-
lial function in peripheral arteries also have predictive value
for coronary heart disease. For example, impaired endothe-
lium dependent dilation of forearm microvessels in response
to acetylcholine predicts future events in patients with
hypertension,6 stable coronary disease,7 or a recent acute
coronary syndrome.8 Impaired flow mediated dilation of the
conduit brachial artery predicts cardiovascular events in
patients with hypertension,9 coronary artery disease,10 or
peripheral arterial disease.11 It has been recently recognised
that stiffness of the central aorta relates in part to the
bioavailability of endothelium derived nitric oxide,12 and
measures of aortic stiffness have also been shown to predict
cardiovascular risk.13

In regard to circulating markers of endothelial dysfunction
in peripheral blood, higher concentrations of soluble inter-
cellular adhesion molecule-1 and plasminogen activator

inhibitor are associated with increased cardiovascular risk,
although other cell types may also produce these factors and
the specific relevance of these findings to local endothelial
function remains uncertain. Recent studies have suggested
that the number of circulating endothelial progenitor cells
relates to endothelium dependent vasodilation,14 but their
relation to future cardiovascular disease events remains
uncertain. Collectively, the studies of vasomotor function
and circulating markers suggest that endothelial dysfunction
may be a systemic state or that systemic factors have parallel
effects in coronary and peripheral arteries.
Not all studies have shown that peripheral artery endothe-

lial function is an independent predictor of future events
after control for extent of atherosclerosis. A relatively small
study by Neunteufl and colleagues showed that the predictive
value of brachial artery flow mediated dilation was attenu-
ated after control for the extent of coronary artery disease.10 A
recent study also found that the relation between flow
mediated dilation and events was no longer significant after
extent of carotid intimal thickness was included in the
multivariate model.15 In contrast, at least 15 studies in the
coronary and peripheral circulations involving nearly 3000
patients have shown that endothelial dysfunction predicts
events after adjusting for extent of coronary artery disease.3 7

The explanation for these apparently discrepant results
remain unclear, but they could relate to differences in the
cohorts studied or the specific techniques involved.
Nevertheless, all of the available studies suggest a close
relation between endothelial dysfunction and the athero-
sclerotic process. Moreover, a recent study by Modena and
colleagues demonstrated that improvement in brachial artery
flow mediated dilation following institution of antihyperten-
sive treatment was associated with reduced cardiovascular
risk compared to individuals that fail to improve.9 Although
confirmatory studies are needed, this finding suggests that
endothelial function might have utility as a surrogate marker
with utility for evaluating risk reduction treatments.

POSSIBLE MECHANISMS
A number of potential mechanisms have been proposed to
explain the relation between endothelial dysfunction and
cardiovascular risk. For example, it is possible that endothe-
lial dysfunction simply reflects the presence and extent of
atherosclerosis, and it would not be surprising for patients
with more extensive atherosclerosis to have a higher risk of
cardiovascular events compared to patients with less or no
atherosclerosis. The two published studies demonstrating a
weakened correlation between endothelial dysfunction and
cardiovascular events after adjustment for extent of dis-
ease10 15 support this potential mechanism. Similarly, it is
possible that endothelial dysfunction represents the cumula-
tive effects of traditional risk factors on the vasculature and
that patients with a higher level of risk factors will be more
likely to develop atherosclerosis and associated cardiovascu-
lar events. However, as discussed above, nearly all of the
available studies suggest that endothelial dysfunction pro-
vides prognostic information beyond that provided by
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measuring the extent of atherosclerosis and the severity of
traditional risk factors. Endothelial vasomotor function varies
widely among patients with atherosclerosis, and many
patients with advanced disease display endothelium depen-
dent dilation comparable to that observed in healthy subjects.
Thus, systemic endothelial dysfunction is not an inevitable
consequence of atherosclerosis. Those patients with athero-
sclerosis and preserved endothelial function appear to have
the lowest risk for events.
It is now well recognised that atherosclerosis is present and

clinically silent for decades before plaque rupture and the
development of acute coronary events. While many factors
contribute to plaque vulnerability, the predictive value of
endothelial dysfunction in patients with established athero-
sclerosis suggests that endothelial dysfunction might directly
promote plaque rupture. A number of possible mechanisms
might account for such an effect. For example, loss of
endothelium dependent flow mediated dilation results in an
inability to limit local shear stress at the arterial wall.
Furthermore, stiffness of the central aorta has the potential
to increase the pulsatility of coronary blood flow, and such
alterations in hydrodynamic forces could increase the risk for
plaque rupture or erosion. Loss of the anti-inflammatory
effects of nitric oxide and increased endothelial expression of
pro-inflammatory factors within the vasa vasorum of
atherosclerotic conduit arteries could promote accumulation
of inflammatory cells in plaque and the consequent vulner-
ability to rupture. Neovascularisation of plaque has also been
related to plaque vulnerability, and pathological states
associated with endothelial vasomotor dysfunction may also
promote plaque angiogenesis.16

Abnormalities of the vascular endothelium also have the
potential to exacerbate the consequences of plaque rupture.
For example, loss of the antiplatelet effects of nitric oxide and
prostacyclin and expression of pro-thrombotic and anti-
fibrinolytic factors may promote arterial thrombosis and
increase the likelihood that plaque rupture will lead to lumen
obstruction. Loss of homeostatic effects of nitric oxide and
other endothelium dependent vasodilators worsen the
vasoconstrictor effects of thrombin, serotonin, and other
factors produced at the site of arterial thrombosis.17 These
effects in conduit coronary arteries and downstream resis-
tance vessels may limit blood flow and increase the severity
of myocardial ischaemia and/or infarction. Although many of
these mechanisms remain speculative in human disease,
there appears to be many potential mechanistic links
between endothelial dysfunction and the pathogenesis of
acute coronary syndromes.

SUMMARY
Abnormalities of endothelial function, particularly loss of
endothelium dependent vasodilation, are associated with
worse clinical outcome in individuals at risk for athero-
sclerosis and in patients with established disease. Despite the
highly localised nature of plaque rupture in acute coronary
syndromes, patients at risk for such events also display
endothelial dysfunction in peripheral arteries. Blood concen-
trations of factors derived from activated endothelial cells
and the number of circulating endothelial progenitor cells
also may relate to cardiovascular risk. All of these findings
strongly suggest that endothelial dysfunction contributes to

the pathogenesis of cardiovascular disease events and that
assessment of endothelial function could have clinical utility.
However, translation of these findings to the care of
individual patients still awaits the development of better
and more standardised methodology for the assessment of
endothelial function. In addition, appropriate prospective
studies will be needed to demonstrate the incremental value
of measuring endothelial function over and above the many
other approaches that are available to evaluate cardiovascular
risk.
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